Introduction
An initial study of magnetic ordering in tetragonal EuNiGe 3 suggested that it adopts a relatively simple collinear A-type antiferromagnetic (AF) structure below T N = 13.6 K [1] . A later investigation using flux-grown single crystals combining bulk magnetic measurements with 151 Eu Mössbauer spectroscopy found that the ordering was far more complex [2] . In particular, the 151 Eu Mössbauer spectra suggested that the initial ordering observed at T N (13.2 K in the single crystals [2] ) was an incommensurate modulated AF structure which became commensurate below a second transition at 10.5 K.
The standard approach to determining magnetic structures is to use neutron diffraction, however europium's rather large absorption cross for thermal neutrons (4530 b) tends to discourage such measurements. Here we employ a largearea flat-plate technique to reduce the impact of the neutron absorption by natural europium [3] . This method has been applied successfully to study magnetic ordering in a variety of Eu-based [4, 5] and even Gd-based [6] [7] [8] compounds. We combine 151 Eu Mössbauer spectroscopy and neutron powder diffraction to show that the magnetic ordering in EuNiGe 3 remains incommensurate at least down to 3.6 K.
Experimental methods
The polycrystalline sample of EuNiGe 3 was synthesised from a stoichiometric mixture of the pure elements (Eu 99.9%, Ni 99.9% Ge 99.999%) using a solid state reaction of pressed powders following the method of Goetsch et al [1] . Small pieces of europium metal were pressed with a mixture of nickel and germanium powders to form a solid pellet. This was placed in a 2 cm 3 alumina crucible with a loosely fitting cap, sealed in a quartz tube under a partial pressure of pure helium and heated from 810 °C to 850 °C over a period of five hours. It was then reacted at 850 °C for three days. The resulting pellet, which had retained its original shape, was then powdered under hexane to avoid oxidation, re-pressed, wrapped in tantalum foil and annealed at 900 °C for seven days in a sealed quartz tube with a partial pressure of pure helium.
A second synthesis method was also found to work: the pure elements with 16% excess Eu were arc-melted. The resulting material was powdered under hexane, pressed into a pellet and then annealed at 900 °C for seven days as with the previous method. Both approaches yielded single-phased materials. Cu-K α x-ray powder diffraction was used to confirm phase purity (figure 1) and confirm the expected structure (see table 1 for details). A small amount of Eu 2 O 3 was detected (∼1 wt.%), probably introduced during grinding.
The 151 Eu Mössbauer spectroscopy measurements were carried out using a 4 GBq 151 SmF 3 source, driven in constant acceleration mode. The drive motion was calibrated using a standard 57 CoRh/α-Fe foil. The 21.6 keV gamma rays were recorded using a thin NaI scintillation detector. The sample was cooled in a vibration-isolated closed-cycle helium refrigerator with the sample in a helium exchange gas. Temperature stability, as read by a calibrated cernox thermometer, was better than 0.01 K during each measurement. The methods used to fit the 151 Eu Mössbauer spectra are described later, where the data are presented.
Neutron powder diffraction experiments were carried out on the C2 800-wire powder diffractometer (DUALSPEC) at the NRU reactor, Chalk River Laboratories, Ontario, Canada, using neutron wavelengths (λ) of 1.3272(2) Å ('short', ∼1.33 Å) and 2.3676(3) Å ('long',∼2.37 Å). Diffraction patterns were obtained over the temperature range 3.6-20 K using a closedcycle helium refrigerator. The sample mounting arrangement for this strongly-absorbing sample employs a large-area, flatplate geometry [3] to reduce the impact of absorption by the europium.
Natural europium is a strong neutron absorber and its scattering length is dependent on the neutron energy, as tabulated by Lynn and Seeger [9] , from which we derived the scattering length coefficient appropriate to our neutron wavelength: λ ∼ 1.33 Å, E = 46.3 meV, b c = 6.9-0.9i fm; and λ ∼ 2.37 Å, E = 14.6 meV, b c = 7.25-1.52i fm.
The FullProf/WinPLOTR suite of programs [10, 11] was used to fit the neutron diffraction patterns. Representational Analysis was carried out using the BASIREPS program [10, 11] .
Results
Low-temperature ac susceptibility (1 kHz, 1 mT) revealed a conventional Curie-Weiss behaviour with a clear cusp centred at 13.9(1) K, consistent with the previous work on powder samples [1] but slightly higher than the 13.2 K reported for the single crystals [2] . The inset to figure 2 shows that we also observed the feature at ∼5 K reported previously [1] . The size of this feature was found to be somewhat sample dependent, which might lead one to attribute it to an unidentified impurity, however, it tended to be stronger in the cleaner (as determined by x-ray diffraction) samples, so we are inclined to suggest that it is intrinsic to EuNiGe 3 .
3.1.

151
Eu Mössbauer spectroscopy
The room temperature 151 Eu Mössbauer spectrum of EuNiGe 3 consists of a single line with an isomer shift of −10.23(2) mm s −1 , confirming that the europium is fully divalent. On cooling to 5.6 K the line splits into a clearly magnetic pattern with a hyperfine field (B hf ) of 29.0(1) T consistent with values reported by Maurya et al [2] , and in line with the expected contribution from ordered divalent europium in a single crystallographic site. However, on warming, the lines rapidly broaden towards the centre of the pattern as B hf decreases and it is clear that the behaviour is more complex. Fitting the spectra shown in figure 3 with a single Eu 2+ site and a linewidth constrained to that observed for the 5.6 K pattern yields very poor fits above 7 K (solid green lines in figure 3 ).
We turn therefore to a model that derives a distribution of hyperfine fields from an (assumed) incommensurate sinusoidally modulated magnetic structure based on one that was used previously by Maurya et al [2] to fit their 151 Eu Mössbauer spectra of EuNiGe 3 . Variations of this model have also been used to fit spectra of EuPdSb [12] and Eu 4 PdMg [13] . If we assume that the AF moment modulation along the direction of AC susceptibility data (1 kHz, 1 mT) taken on a quantum design physical properties measurement system (PPMS) for EuNiGe 3 showing the expected Curie-Weiss behaviour at high temperatures and the ordering cusp at 13.9(1) K. The inset shows the region below 27 K in more detail where the main cusp and the secondary feature at 5 K are more clearly visible.
the propagation vector k can be written in terms of its Fourier components, and further assume that the observed hyperfine field is a linear function of the Eu moment at any given site, then the variation of B hf with distance x along the propagation vector k can be written as:
where the b n are the odd Fourier coefficients of the field modulation. As +B hf and −B hf are indistinguishable, kx only needs to run over half the modulation period, and in this case, a square-wave modulated structure can be modelled either as a sum over a very large number of Fourier coefficients, or by simply using the b 0 term with all of the other b n set to zero. We found the fits to be far more stable with the b 0 term included rather than using a large set of b n , however the two approaches are effectively equivalent. The modulated fitting model adds only one or two more parameters to the fit (b 1 and b 3 , in addition to b 0 ) yet the solid red lines in figure 3 clearly fit the measured spectra far better than the simple 1-site model (equivalent to using only the b 0 term). The average hyperfine field (shown in the top panel of figure 4 fits to a = J 7 2 Brillouin function to yield a transition temperature of 13.9(1) K, fully consistent with the value derived from ac susceptibility in figure 2. The lower panel of figure 4 shows the temperature dependence of the first two Fourier coefficients and the evolution from a constant Eu environ ment, where b 1 is zero, through an increasingly modulated environment as the temperature is increased until by 12 K the b 0 term vanishes and only the simple sinusoidal b 1 term and the first odd harmonic (b 3 , not shown) remain. We see no evidence for an abrupt transition and it appears that the magn etic structure evolves continuously with increasing temper ature until T N is reached. It is possible that the 5 K feature in the ac susceptibility in figure 2 marks the onset (on warming) of a changeover from constant to modulated ordering, however our data do not extend far enough through this region to be = Brillouin function to yield a transition temperature of 13.9(1) K, fully consistent with the value derived from ac susceptibility in figure 2 . The lower panel shows the temperature dependence of the first two Fourier components in equation (1) . At 5.6 K the constant term (b 0 ) dominates and the Eu appears to be in a uniform environment. However the b 1 term grows rapidly on warming as a sinusoidally modulated structure develops.
sure. Looking at the behaviour on cooling it is clear that the initial order established near 14 K is purely modulated and the constant term (b 0 ) only appears below 12 K. Further cooling then leads to a gradual evolution towards a single environment for the Eu moments. However, significant modulation persists through 7 K, an observation that is inconsistent with an earlier suggestion based on more limited 151 Eu Mössbauer data that there is an incommensurate to commensurate transition at 10.5 K [2] .
We turn now to neutron diffraction in order to determine the precise nature of this incommensurate modulated AF magn etic ordering.
Neutron diffraction
Comparison of neutron powder diffraction patterns taken at 20 K and 3.6 K using a wavelength of ∼1.33 Å presented in figure 5 clearly shows that the ordering of the europium moments in EuNiGe 3 is incommensurate. The magnetic pattern is dominated by a low-angle peak (at θ ∼ 2 4.6 ) that is stronger than any of the nuclear peaks and whose d-spacing (∼16.6 Å) does not correspond to an integral multiple of any of the crystal axes. There are many more weak magnetic peaks in the range ⩽ ⩽ θ 14 2 30 that also cannot be indexed simply to the crystallographic cell.
Fitting the intensity of the (0 0 0) ± peak (using data taken with λ ∼ 2.37 Å which moves it out to a higher θ 2 where it is better isolated from the direct beam) to a squared = J 7 2 Brillouin function yields a transition temperature of 14.5(1) K (see bottom panel of figure 6 ), slightly higher than that derived from χ ac or Mössbauer spectroscopy. The top panel of figure 6 shows that the (0 0 0) ± peak gradually moves to lower angles (i.e. the modulation period increases) up to about 12 K (where the constant term, b 0 , reaches zero in the Mössbauer fits in figure 4 ). Above 12 K, the movement to lower angles accelerates and the peak broadens rapidly, reaching about three times our resolution limit before it is lost to the background (middle panel of figure 6 ). Contrary to earlier claims [2] , it is clear from the behaviour shown on the top panel of figure 6 that the magnetic ordering in EuNiGe 3 is never commensurate. The position of the (0 0 0) ± peak evolves continuously on cooling but never locks in to a commensurate location.
In table 2 we give the refined atomic positions and lattice parameters of EuNiGe 3 , deduced from the co-refinement of the 20 K neutron powder diffraction patterns, obtained with λ ∼ 1.33 Å and 2.37 Å. At 20 K, the scattering is purely nuclear. The top panel of figure 7 shows the full refinement of the neutron diffraction pattern of EuNiGe 3 obtained at 20 K with λ ∼ 1.33 Å. About 4 wt.% of Eu O 2 3 was found to be present (as noted in the analysis of the Mössbauer data above) and this impurity was included in all of the fits presented here.
As noted above, the many new magnetic diffraction peaks that appear at 3.6 K are incommensurate with the underlying tetragonal lattice. To identify the propagation vector k describing this magnetic structure we used the program k-search, part of the WinPlotr package [11] . The best fit to the magnetic peak positions was with ∼ k [0.26, 0.06, 0]. Representational Analysis using the BASIREPS program [10, 11] showed that the magnetic representation for the Eu(2a) site is completely general:
with the basis vector [u, v, w] . Magnetic contributions from the nickel and germanium sites were not considered. Refinements of the 3.6 K diffraction patterns showed two possible magnetic structures, either a sinusoidal modulation or a helicoidal arrangement of the Eu moments. We also tried a square-wave modulation and a quadrupled commensurate structure (given that k is close to [1/4, 0, 0] but both of these options gave significantly worse refinements to the experimental data and were not considered further. The refined lattice parameters are a = 4.324(2) Å and c = 9.864(3) Å with a propagation vector If we assume a sinusoidally modulated magnetic structure, the refinement gives Fourier components of [3.72(6), 4.77(5), 7.88(7)] leading to a Fourier amplitude of 9.93 µ B 
It adopts the tetragonal BaNiSn 3 -type structure (space group I4mm #107). N.B. The z atomic position parameter is not fixed by symmetry for any of the sites in the I4mm space group, and therefore any convenient point may be chosen for one atom (this amounts to selecting the origin for the cell). We set it to zero for the Eu atom in the 2a site and the z-parameters for the remaining atoms are then determined relative to this choice of origin. Table 2 . Crystallographic data for EuNiGe 3 obtained by corefinement of the 20 K neutron powder diffraction patterns.
Atom
Site
The space group is tetragonal I4mm (#107). See caption for table 1 for a discussion of the origin choice. In both cases the refinements used the I1 space group, however for our initial analysis of the helicoidal structure we employed the P1 group so that we could explore the possibility of there being a magnetic phase difference between the two Eu moments related by the 'I' translation. Our P1 refinements showed that any such phase difference was zero, within error, confirming that the I1 group is appropriate.
It is not possible to choose between the two models using either goodness-of-fit criteria (χ 2 is slightly better for the helicoidal model, but the R-factors are slightly better for the sinusoidal model) or visual inspection of the fits shown in figure 7 , so it is clear that neutron diffraction data alone cannot provide an unequivocal determination of the magnetic structure at 3.6 K. However, the two models predict quite different local magnetic environments for the Eu ions, and hence different 151 Eu Mössbauer spectra. For the helicoidal model, only the direction of the Eu moments changes as we pass through the lattice; their magnitude is constant. Thus we would expect a single-valued B hf spectrum, perhaps with some line broadening due to the varying projection of B hf onto V zz . By contrast, the sinusoidally modulated model predicts a strong variation in the magnitudes of the Eu moments and hence in B hf . It is clear from the spectra in figure 3 and the analysis shown in figure 4 that by 5.6 K the 151 Eu Mössbauer spectrum of EuNiGe 3 consists of a single-field magnetic pattern. We therefore conclude that the helicoidal structure is the one adopted by EuNiGe 3 at 3.6 K. Such structures are not unknown in the RTGe 3 compound family and a complex co-existing commensurate-incommensurate helicoidal magnetic structure has been reported in CeNiGe 3 [14] . Several views of the complex spin structure deduced for EuNiGe 3 at 3.6 K are shown in figure 8 .
On warming through 6 K however, the magnetic structure changes and the 151 Eu Mössbauer data shown in figures 3 and 4 reveal that a sinusoidal modulation develops and that this modulated form dominates by 12 K. Analysis of diffraction patterns taken at 12 K suggests that the sinusoidal model gives a slightly fit than the helicoidal model, but the difference is not large. Given the small differences in fit quality both at 3.6 K and 12 K it is apparent that neutron powder diffraction diffraction alone cannot distinguish between the two models, however the complementary information provided by 151 Eu Mössbauer spectroscopy permits an unambiguous determination.
We find that EuNiGe 3 adopts a complex incommensurate helicoidal magnetic structure at 3.6 K, and that an incommensurate sinuoidal modulation develops on warming through 6 K. The modulated form dominates by 12 K and the final trans ition at 14 K to the paramagnetic state does not appear to be a conventional second order phase transition. Rather, the event is marked by a collapse of the long-range ordered state as the modulation period grows rapidly and the correlation length of the magnetic order decreases.
A recent single crystal study of EuNiGe 3 using shortwavelength (0.9 Å) neutrons reported a helicoidal structure ± peak afforded by the longer neutron wavelengths allow us to show that the structure is incommensurate along both the a-and b-axes.
Conclusions
A combination of 151 Eu Mössbauer spectroscopy and neutron powder diffraction shows that EuNiGe 3 adopts a complex incommensurate helicoidal magnetic structure at 3.6 K, with a propagation vector [ ( ) ( ) ] = k 0.255 1 , 0.054 14 , 0 and a Eu moment of 7.1(2) µ B . On warming through 6 K a sinusoidal modulation develops and dominates the magnetic order by 12 K. While the 151 Eu Mössbauer data leave no doubt that the modulation develops, the strong similarity between the diffraction patterns produced by the helicoidal and sinusoidal models precludes neutron powder diffraction from following the evolution of the magnetic structure on warming in any detail, but it is clear that the order remains incommensurate at all temperatures below ∼ T 14 N K.
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